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doi:10.1016/j.jtcvs.2006.05.048bjective: The Cox maze procedure is the most effective surgical treatment for atrial
brillation; however, its complexity has limited its clinical utility. The purpose of
his study was to simplify the procedure by using an irrigated bipolar radiofrequency
blation device on the beating heart without cardiopulmonary bypass.
ethods: Six domestic pigs underwent median sternotomy. The pulmonary veins
ere circumferentially ablated. Electrical isolation was confirmed by pacing. Eight
esions were performed epicardially, and three lesions were performed through
urse-string sutures with one of the jaws of the device introduced into the right
trium. After 30 days, magnetic resonance imaging was performed to assess atrial
unction, pulmonary vein anatomy, and coronary artery patency. Cholinergic stim-
lation and burst pacing were administered to induce atrial fibrillation. Histologic
ssessment of the heart was performed after the animal was killed.
esults: A modified Cox maze procedure was successfully performed with the
rrigated bipolar radiofrequency device with no deaths. In every instance, the
ulmonary veins were electrically isolated. Cholinergic stimulation with burst
acing failed to produce atrial fibrillation. Imaging studies revealed tricuspid regur-
itation without evidence of pulmonary vein stenosis, coronary artery stenosis, or
ntra-atrial thrombus. Total atrial ejection fraction was 16.9%  7.5%, a significant
eduction. Histologically, 99% of the lesions were transmural, and there was no
vidence of coronary sinus injury.
onclusion: Lesions on both the right and left atria can be created successfully on
he beating heart with irrigated bipolar radiofrequency. The great majority of lesions
ith this device were transmural. This device should not be used on valvular tissue.
trial fibrillation (AF) is the most common of all sustained arrhythmias, with
incidences in the United States as great as 1% in the general population and
9% among people older than 80 years.1 It is associated with significa
orbidity as a result of compromised hemodynamics, tachycardia-induced cardio-
yopathy, and increased vulnerability to thromboembolism. This gives patients
ith AF a 5-fold risk of stroke, especially as age increases.2 Methods used in th
reatment of AF include pharmacologic therapy, cardioversion, transvenous abla-
ion, and surgery.
The Journal of Thoracic and Cardiovascular Surgery ● Volume 132, Number 4 853
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8
ETThe Cox maze procedure is the most successful treat-
ent for AF, with a long-term success rate of at least 90%
nd virtual elimination of late stroke.3-5 The procedure
onsists of a series of mazelike incisions or ablations on
oth atria. These are designed to create conduction block
nd prevent the macroreentrant circuits throughout the atria
onsidered to be responsible for AF.5,6 After the first tw
terations of the Cox maze procedure, the Cox maze III was
rst performed in 1988 and became the criterion standard
or the surgical treatment of AF for more than a deca3,7
Recently, modifications of the Cox maze procedure have
een made that use various energy sources to create linear
ines of ablation that replace the cut-and-sew lesions of the
raditional procedure.8-10 These new technologies hold t
romise of a less technically difficult way to perform the
trial lesions. The long-term efficacy of the various modi-
cations to the Cox maze procedure are as yet unproven;
owever, simplification of the Cox maze III procedure by
llowing its completion on a beating heart without the use of
ardiopulmonary bypass (CPB), while preserving its effi-
acy and safety, may lead to wider application of this
peration.
In this study, a modification of the Cox maze lesion set
as created on the beating heart with an irrigated bipolar
adiofrequency (IBRF) device. IBRF has been shown to
ffectively produce transmural lesions ex vivo.11 This de-
ice relies on saline solution as a conductor as alternating
urrent is delivered between two approximated electrodes
mbedded into the jaws of a clamp. This allows focused
elivery of energy that minimizes lesion width and reduces
he risk of collateral damage to vital structures. An advan-
age of this technology is that by measuring real-time tissue
mpedance between the two electrodes it provides an indi-
ation of lesion transmurality. Dry bipolar radiofrequency
RF) energy has been shown in previous work to create
iscrete, transmural atrial lesions within 10 seconds.12,13
The purpose of this long-term animal study was to ex-
mine the feasibility and safety of using IBRF to perform
eft and right atrial ablations on the beating heart and to
xamine the effect of this energy on the atrial tissue, coro-
Abbreviations and Acronyms
AF  atrial fibrillation
CPB  cardiopulmonary bypass
IBRF irrigated bipolar radiofrequency
IVC  inferior vena cava
PV  pulmonary vein
RF  radiofrequencyary arteries, and pulmonary veins (PVs) at 1 month. P
54 The Journal of Thoracic and Cardiovascular Surgery ● Octoaterials and Methods
xperimental Protocol
ix adult domestic pigs weighing 40 to 50 kg were used in this
tudy. All animals received humane care in compliance with the
Guide for the Care and Use of Laboratory Animals”
http://www.nap.edu/catalog/5140.html).
Each animal underwent right and left atrial lesions on the
eating heart. The animals were premedicated, intubated, and
nesthetized with 2% to 4% isoflurane and monitored continuously
uring the procedure. The heart was exposed through a median
ternotomy. The left and right PVs and the inferior vena cava
IVC) were isolated with umbilical tapes. The heart was paced
rom the right atrial appendage, the right atrial body, and the left
nd right PVs to establish pacing thresholds. The animals were
iven intravenous heparin (350 U/kg) to maintain an activated
lotting time longer than 250 seconds. Intravenous bretylium to-
ylate (INN bretylium tosilate) was administered to prevent ar-
hythmias with manipulation of the heart.
An IBRF surgical ablation device, Cardioblate BP Surgical
blation System (Medtronic Inc, Minneapolis, Minn) was used to
reate the lesion set. The device consists of a hand piece, embed-
ed bipolar electrodes in a clamp, and RF generator. RF energy
as delivered to the two electrodes located in the opposing jaws of
he clamp, which were mounted on an articulating head. The head
ould be angulated through 90° and could also be rotated through
00° at its articulating surface. Additionally, the jaws of the clamp
ere malleable, providing another degree of flexibility to the
evice that allowed the device to be shaped to match the target
issue. During RF ablation the contact tissue surface was con-
tantly irrigated with saline solution, which acted as a conductor
or the delivered energy. The generator delivered RF energy while
n online system in real time monitored tissue impedance, current,
oltage delivered, and duration of ablation. The devices used in
his study operated on the principle that tissue is fully ablated when
mpedance reaches a stable plateau. Initially, moderate power was
pplied to the tissue. Impedance was measured continuously, and
he derivative of impedance was calculated every 200 ms. When
mpedance achieved a stable plateau, the algorithm logic deter-
ined that maximum ablation at this power level was complete.
he power was then increased by a step function of 5 W. If the
lateau in impedance was not sustained, then the algorithm deter-
ined that transmurality had not been achieved, and ablation
ontinued until another plateau in impedance was detected. This
rocess was repeated until an impedance plateau was sustained
fter an increase in power. At this point, the microprocessor
etermined that transmurality had been achieved, and the generator
rovided a signal to the user.
urgical Procedure
he modified Cox maze procedure included nearly all the right and
eft atrial lesions of the traditional procedure (Figure 1). All le
ere performed with the IBRF device. In performing this proce-
ure without CPB, it was necessary to make the following modi-
cations of the classic Cox maze III procedure: (1) the right and
eft PVs were isolated separately, rather than as one large island;
2) a connecting lesion was performed between the right and left
Vs; (3) the transseptal incision, which functions principally to aid
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ETn exposure of the posterior left atrium, was omitted; (4) the lesion
onnecting the PVs to the mitral annulus was also omitted.
The heart was manipulated with the aid of a suction retractor
AXIUS Xpose 3; Guidant Corp, Santa Clara, Calif). The IBRF
evice was passed around the right PVs, and a cuff of surrounding
trial tissue was clamped and ablated on each side; the same was
one around the left PVs. Electrical isolation was confirmed by
acing the PVs distal to the lesions at a stimulus strength of 20
A. The IBRF device was used to circumferentially ablate the left
trial appendage on the epicardial surface. The device was then
sed to grasp a line of atrial tissue along the anterior aspect of the
eft atrial appendage, with the tip directed onto the left superior PV
o create the connecting lesion from the left atrial appendage to the
eft PV. This was done entirely on the epicardial surface and
esulted in two approximately parallel lesions.
The heart was repositioned to expose the intra-atrial groove.
he IBRF device was placed epicardially posterior to the IVC,
ith tissue from the right inferior PV to the left inferior PV within
he jaws of the clamp to create a connecting lesion between the
nferior aspect of the PVs. The interposing tissue was ablated,
ompleting the connecting lesion between the left and right PVs.
blation in this manner resulted in two closely approximated
esions.
The IBRF device was introduced through a purse-string suture
t the tip of the right atrial appendage and positioned to create the
ight atrial free wall lesion. The device was then placed across the
ricuspid valve, crossing the atrioventricular groove, and the tissue,
ncluding the right coronary artery, was ablated. The right atrial
ppendage was circumferentially ablated. A purse-string suture
as placed midway between the confluence of the superior vena
ava and IVC. The IBRF device was introduced through this
urse-string suture, and superior vena cava and IVC lesions were
reated. The snare was relaxed, and the device was carefully
epositioned into the right ventricle. This lesion incorporated the
ricuspid valve, atrioventricular groove, and right coronary artery.
he IBRF device was removed and hemostasis secured. This
ompleted the modified Cox maze lesion set (Figure 1). 
ericardium was closed and the sternum reapproximated. v
The Journal of Thoracicostoperative Data Collection
ostoperatively, the animals were closely monitored for 48 hours
nd survived for 30 days. Each animal received 62.5 mg aspirin a
ay, commencing on the first postoperative day. No antiarrhythmic
rugs were used during the recovery period.
At 1 month, each animal underwent a magnetic resonance
maging (MRI) scan to assess the following: (1) atrial function, (2)
he mitral and tricuspid valves, (3) PV anatomy and flow, and (4)
oronary artery anatomy and flow. This was followed immediately
y a reoperative median sternotomy. Pacing at 20 mA (5 ms pulse
uration) was used to document chronic electrical isolation of the
eft and right PVs. Neostigmine bromide (2-3 mg/50 kg) was
dministered intravenously. Burst pacing was performed from the
ight atrial appendage and left and right atrial bodies at a cycle
ength of 30 to 100 ms continuously for 30 seconds in an attempt
o induce AF.14,15 In a control group of healthy animals, 8 
nderwent a median sternotomy and pericardiotomy. Before anti-
rrhythmic medication was given, 8 of 8 animals (100%) went into
F spontaneously on opening of the pericardium (n  2) or by
nduction with burst pacing (n  6). Animals sustained AF for a
ange of 1 to 8 minutes and then converted back to normal sinus
hythm spontaneously (n  3) or by administration of bretylium
osylate (n  5).
RI Protocol
he animals were anesthetized and placed supine in a clinical
.5-T MRI scanner (NT Intera CV; Philips Medical Systems, Best,
he Netherlands) and fitted with a 5-element dedicated cardiac
urface coil for image reception. The imaging protocol consisted of
ultiple anatomic and functional cine images and velocity-
ncoded images. All images were synchronized to the cardiac
hythm with a 4-lead vectorcardiogram system. The cine images,
riggered to each R-wave peak, were based on a steady-state
alanced fast field echo or balanced turbo field echo technique
ith 15 phases per cardiac cycle spaced 20 to 25 ms apart. The
urbo field echo technique sequence was superior in detecting
Figure 1. Modified Cox maze lesion set made
with IBRF device. SVC, Superior vena cava.olumes and did not truncate data at the end of the cardiac cycle;
and Cardiovascular Surgery ● Volume 132, Number 4 855
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8
ETt was therefore implemented in the final animals. The cine MRI
iews consisted of the following: (a) horizontal long axis, (b)
ertical long axis, (c) short-axis views of 20 planes, 9 mm thick,
nd (d) left ventricular outflow track. The reconstructed pixel size
as approximately 1.5  1.2 mm. Transtricuspid blood flow was
ssessed with velocity-encoded MRI.16
RI Data Analysis
nalysis of the acquired images was manually performed off-line
sing a commercial software package (Easy Vision, Philips Medical
ystem, Best, The Netherlands). The volume of the left atrium was
ssessed by planimetry at each time point of the cardiac cycle. The
rea of the left atrial blood pool was identified in each short-axis slice.
he image was hand-traced using a cursor and the volumes of the left
trium were calculated and summed over all slices to give the esti-
ated total volume of the left atrium at each time point of the cardiac
ycle, including end systole and end diastole. Atrial ejection fraction
as then defined as [(EDV  ESV)]/EDV  100%, where EDV is
nd-diastolic volume and ESV is end-systolic volume. Analysis of
uantitative flow across the tricuspid valve was performed with
elocity-encoded images. MRI was used to assess anatomic and
hysiologic flow patterns in the pulmonary venous system.
oronary Artery Anatomy and Patency
he technique of Botnar and colleagues,17 which uses a navigato
ated free-breathing T2-prepared turbo field echo acquisition, was
sed to assess coronary artery anatomy and patency.
istologic and Microscopic Analyses
he animals were humanely killed, and the hearts were removed en
loc and examined grossly for any evidence of intra-atrial thrombus
ormation, PV stenosis, or thrombosis. The hearts were immediately
laced in 1% 2,3,5-triphenyl-tetrazolium chloride solution and incu-
ated at room temperature for 45 minutes. Each IBRF lesion was
ectioned three times when possible, 5.0 mm apart, perpendicular to
he long axis of the ablation line. The sections were then fixed in
ormalin, molded in paraffin, sectioned, and stained with hematoxylin-
osin and Gomori trichrome stains. The sections were microscopi-
ally examined to assess transmurality of the lesions and the effects of
BRF energy on the tricuspid valve.
esults
perative Results
ll animals survived the operative procedure. The mean
ime to complete the ablation procedure was 46  21
inutes (range 23-80 minutes). There was no evidence of
ardiac arrhythmia, and all animals remained in sinus
hythm during the operation and up to when they were
illed. There were no signs of gross neurologic dysfunction
n any of the animals after the procedure.
F Lesions
he beating heart lesion set consisted of 11 IBRF ablations
Figure 1). Two lesions traversed the tricuspid valve. 
ight coronary was deliberately crossed with the IBRF de-
ice. Acutely, the PVs were electrically isolated with a a
56 The Journal of Thoracic and Cardiovascular Surgery ● Octoingle ablation in all instances; this was documented by
ailure of the heart to capture while pacing from the PVs at
0 mA. All lesions were created with a single application of
he IBRF device. An integrated tissue impedance monitor
ocated within the device, which has been previously de-
cribed by Hamner and coworkers,11 determined ablation
imes. The maximum power delivered during each ablation
as 28  4 W (range 18-39 W).
ardiac Function Data
unctional cardiac MRI analysis was available for 5 of the
animals after surgery; these results were compared with
RIs from a pool of healthy animals (n 11). The total left
trial ejection fraction seen in the healthy animals was
2.9%  6.5%. In the study group, the postoperative total
eft atrial ejection fraction was 16.9%  7.5% (P  .01). In
omparison, the active left atrial ejection fraction (the vol-
me corresponding to active atrial contraction) assessed in 5
ealthy animals was 19.1%  6.8%; in the 5 evaluated
BRF-treated animals, the active atrial ejection fraction was
.5%  2.2% (P  .03). Atrial contractility, as documented
y the presence of an A wave, was present postoperatively
n all 5 treated animals.
There was no evidence of PV stenosis in any animal
Figure 2). Quantitative flow studies to evaluate for re
itation were available for only 4 of 6 animals after surgery.
ricuspid regurgitation was seen in all 4 animals studied
100%), with an average regurgitant fraction of 12.7% 
.3%; 2 animals showed moderate tricuspid regurgitation
igure 2. Representative MRI indicating PV patency (arrows) at 1
onth after ablation with IBRF device. RSPV, Right superior PV,
IPV, right inferior PV, LIPV, left inferior PV.nd 2 showed severe regurgitation.
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ETMRI evaluation did not detect any coronary artery ste-
osis or thrombosis in the areas ablated. The right coronary
rtery remained patent in each animal.
hronic Pacing
t 30 days, pacing demonstrated that the right atrial ap-
endage and the right and left PVs were isolated from the
ody of the atria in every animal. During normal sinus
hythm or atrial pacing from the body of the atria, the right
trial appendage was electrically silent. Attempts to induce
F from both left and right atria with burst pacing coupled
ith intravenous neostigmine were unsuccessful in 100% of
he animals (6/6). In comparison, AF was induced in 100%
f healthy animals (n  8). Neostigmine was used because
t increases cholinergic tone and shortens the effective re-
ractory period, thus facilitating reentry and AF. This has
lso been documented in other animal models.14,15
istology
n gross inspection of the heart, there was no evidence of
ntra-atrial thrombus formation or stricture of the PVs. At
ecropsy, the hearts were placed in 1% 2,3,5-triphenyl-
etrazolium chloride solution and examined. The atrial le-
ions appeared pale, discrete, and linear (Figure 3).
Three representative sections were taken from each of
he 11 ablations when possible (Figure 1). A total of
ections were examined from the 6 animals. Transverse and
inear histologic sections of ablative tissue demonstrated
ontinuous, full-thickness replacement of myocardial fibers
ith septa of maturing fibrous connective tissue.
Microscopic examination of the atrial samples stained
ith Gomori trichrome revealed that 125 of the 126 lesions
ere transmural (99.2%; Table 1). Average lesion widt
representative sample of the ablated tissues (n  88) was t
The Journal of Thoracic6
.4  1.1 mm (range 1.3-6.6 mm). The single nontransmu-
al lesion was located on the left atrial appendage. If the
ppendage lesion was eliminated from analysis, because
his lesion is not performed clinically and the left atrial
ppendage is typically amputated, then 100% (100/100) of
he lesions were transmural. Lesions were well connected
nd overlapped, including the PV connecting lesions.
Histologic examination of the ablated tricuspid valve
issue revealed a discrete ablation line with no perforation of
he leaflets. The subvalvular apparatus remained intact.
here was no valvular thrombus.
iscussion
he Cox maze procedure has proven to be a lasting and
ighly effective treatment for AF.3-5 The technical difficulty
f the procedure and the associated risks of placing patients
n CPB for prolonged periods, however, has spurred inter-
st in less invasive approaches to the surgical treatment of
F.9-13 The goal of any new operation is to preserve
fficacy of the Cox maze procedure and at the same time
Figure 3. Ablations made with IBRF device (ar-
rows). A, Right atrial appendage acute ablation.
B, Demonstration of left PV chronic ablation after
1 month. C, Photomicrograph of atrial tissue 1
month after ablation by IBRF device (Gomori
trichrome stain, original magnification 20).
ABLE 1. Lesion transmurality
esion site
Total
(No.)
Transmural
lesions
(No.)
Width
(mm, mean  SD)
trium 67 66 (99%) 3.3 0.9
V 23 23 (100%) 4.2 0.1
ena cava 19 19 (100%) 2.9 2.0
ranstricuspid valve 17 17 (100%) 3.9 0.8
otal 126 125 (99%) 3.4 1.1
ll lesions were made with the IBRF device. Histologic sections were
aken from all 6 animals.
and Cardiovascular Surgery ● Volume 132, Number 4 857
d
t
r
a
l
F
d
c
c
s
a
m
r
t
l
t
t
c
m ng
c
u
R
p
r
b amp
w
v
c
d
a
d
m
r
l
b
d
d
c
a
a
s
s
a
f
v et
o
f
t
t
i
t
t is
e
m
l
t
T
t
p
s
b
i he
P
q
w
d
c
o
u
r
p
c
t
h
m
f
l
a
u
a
s
d
t BRF
a
c
d
c
I
w
t
d
t
e
r
c
s
t
p
Evolving Technology Melby et al
8
ETecrease the morbidity. Thus the purpose of this study was
o evaluate an approach on the beating heart that would not
equire CPB.
To facilitate the procedure, it was decided to use IBRF
blation to replace the surgical incisions. The use of ablation
ines in lieu of surgical incisions has several advantages.
irst of all, clamping can be performed without CPB and
oes not require an arrested heart, as does the traditional
ut-and-sew approach. The use of a clamp as opposed to a
omplicated set of incisions simplifies the procedure and
hould make it more accessible to cardiac surgeons. Second,
blation devices are faster than the traditional cut-and-sew
ethod. Furthermore, the lack of long suture lines may
educe the risk of postoperative bleeding.
IBRF technology is of particular interest because in this
echnology, saline irrigation of the electrodes maintains a
ow electrode-surface interface temperature, which allows
he thermal energy of the device to penetrate deeper in the
issue of interest. Irrigated RF devices have been shown to
reate deeper lesions than pulsed and conventional RF and
icrowave devices.18,19 To avoid the risk of damagi
ollateral tissues associated with unipolar RF devices, the
se of saline irrigation has been incorporated into bipolar
F devices. Additionally, bipolar RF devices have the ca-
ability to provide immediate feedback on lesion transmu-
ality, giving indication that complete conduction block has
een created.12 In early studies, the use of an IBRF cl
as highly effective at creating transmural lesions on ex
ivo porcine atria.11
It was our goal in this study to examine the feasibility of
reating both right and left atrial lesions with an IBRF
evice. In the traditional procedure, both the right and left
trial appendages are resected. However, increasing evi-
ence suggests that preservation of the atrial appendages
aintains production of atrial natriuretic peptide and may
educe the incidence of postoperative fluid retention.20,21 In
ight of this, the left and right atrial appendages were ablated
ut not excised in this experiment. This allowed us to
ocument electrical isolation and to generate a line of con-
uction block associated with a traditional Cox maze pro-
edure. In the clinical situation at our institution, the right
trial appendage is preserved but the left atrial appendage is
lways amputated, to decrease the risk of postoperative
troke. The septal lesion was deliberately eliminated in this
tudy because (1) it is not accessible through the epicardial
pproach, and (2) traditionally, this lesion has been per-
ormed only for exposure and is not a part of our current
ersion of the Cox maze procedure.9 There may be a subs
f patients in whom this lesion is important, however, and
urther clinical investigation is needed to determine whether
his lesion carries significance. Recent evidence has shown
hat ectopic foci located in the PVs are responsible for the
nitiation of AF in most cases.22 Early data also suggests n
58 The Journal of Thoracic and Cardiovascular Surgery ● Octohat PV ablation may be a more effective treatment of AF
han antiarrhythmic drug therapy alone.23 In light of th
vidence and in an attempt simplify the procedure, the
itral annular lesion performed in the traditional Cox maze
esion set was omitted in this study. This is a difficult lesion
o perform on the beating heart with a bipolar RF device.
he omission of the lesion connecting the PV isolation to
he mitral annulus, however, has the potential for creating
ostoperative atrial flutter. Although none of the animals
howed this complication, postoperative atrial flutter has
een seen in human beings where this lesion was missing or
ncomplete.24 Although the connecting lesions between t
Vs were difficult in the porcine model because they re-
uired dissection of the posterior heart space, this technique
ould not be possible in the human heart because of the
ifficulty of folding the posterior atrial tissue within the
lamp. A connecting lesion likely would require institution
f CPB and introduction of the clamp into the left atrium.
Our results have demonstrated that IBRF energy can be
sed on the beating heart to create transmural lesions that
eplace many of the standard lesions of the Cox maze
rocedure. AF could not be induced in any animal with
holinergic stimulation. These lesions resulted in chronic
ransmural conduction block, as documented by pacing. On
istologic examination, virtually all the lesions were trans-
ural. If the left atrial appendage lesion was eliminated
rom analysis, because it is not performed clinically, all the
esions (100%) were transmural. Thus the transmurality
lgorithm is highly reliable in this animal model.
To evaluate the safety of this approach, the animals
nderwent postoperative MRI evaluation to assess cardiac
natomy and atrial function. Cardiac MRI was chosen in-
tead of echocardiography because of its superior edge
etection and the ability to delineate structures as small as 1
o 2 mm.25 There was no evidence of PV stenosis with I
blation. This is in contrast to the late PV stenosis seen with
atheter-based, unipolar RF ablation.23,26,27
Atrial ejection fraction was decreased after this proce-
ure. Of the 5 animals examined, however, all had atrial
ontractility, as documented by the presence of an A wave.
t should be noted that surgery was done on normal pig atria
ith normal sinus rhythm. Thus in a normal, healthy atrium,
he modified Cox maze procedure completed by the IBRF
evice will likely lead to a decrease in atrial ejection frac-
ion. Patients undergoing the Cox maze procedure, how-
ver, have diseased, nonfunctioning atria. Therefore these
esults pertaining to a loss of atrial ejection fraction may not
orrelate with clinical experience. Nonetheless, further re-
earch is needed to better understand the relationship be-
ween left atrial ablation and atrial function to maximize
ostoperative left atrial emptying.
The chronic effects of IBRF ablation on the right coro-
ary artery and the tricuspid valve were evaluated. Surpris-
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Melby et al Evolving Technology
ETngly, MRI angiography documented no evidence of coro-
ary artery stenosis or thrombosis after the procedure. This
oes not define safety, however, and a longer-term study
ncluding focused histologic examination would be needed
o rule out the induction of intimal hyperplasia and eventual
oronary artery stenosis. Until this has been demonstrated,
linical ablation of coronary arteries should be avoided. On
RI, the animals had significant postoperative tricuspid
egurgitation. The tricuspid regurgitation was likely a direct
onsequence of ablation across valvular tissue with the
BRF device. This finding highlights the importance of
voiding any ablation of the valve leaflets when using this
evice.
In summary, this study demonstrated the feasibility of a
eating-heart operation that included many of the standard
esions of the Cox maze procedure. IBRF ablation was
ffective in creating transmural lesions according to both
lectrophysiologic and histologic evaluation. This energy
ource was safe and did not result in injury to the PVs.
linical trials of this technology on the beating heart are
arranted and may lead to a more minimally invasive Cox
aze procedure.
tudy Limitations
ecause of the inherent limitations of this study, these
esults must be cautiously applied to the clinical situation.
irst, there are significant differences between human anat-
my and that of the porcine model. The larger PVs and
ignificant fat in patients may make ablation more difficult.
oreover, this study was performed on normal porcine
tria, and not on the diseased and often thickened human
tria seen in patients with AF. Our clinical experience with
PB, however, has similarly documented the efficacy of
reating transmural lesions with bipolar RF technology.9,10
This experimental procedure involved using IBRF abla-
ion across the right coronary artery. Although there was no
vidence of thrombosis or stenosis found by MRI, the
ollow-up was at only 1 month and does not rule out the
ossibility of late injury. With both RF and microwave
nergy in the clinical setting, there have been reports of
oronary artery damage.28-30 This procedure can be mod-
ed to avoid these structures by reflecting the atrioventric-
lar groove fat pad or crossing the groove distal to the last
ircumflex marginal coronary artery. We emphasize that
his study should not in any way be construed as evidence
hat ablating coronary arteries is safe; indeed, we strongly
ecommend against it.
Another limitation of this study is that the MRI studies to
valuate atrial function, the atrioventricular valves, the PVs,
nducibility of AF, and coronary artery anatomy and flow
ere only done postoperatively. These data were compared
ith MRI data collected from healthy animals. The lack of
reoperative MRI data on the study animals prevented the
The Journal of Thoracicbservation of changes in each animal induced by the pro-
edure. There is also the possibility that the pericardiotomy
tself (in a setting without ablations) might influence the
hanges seen in the postsurgical setting. To create this
ontrol group of animals is cost-prohibitive and will need to
e addressed in future investigations.
Finally, a significant shortcoming for the clinical use of
his procedure is the need to place the clamp inside the
trium. Although this likely can be performed with little
ifficulty on the right side of the heart, there would be a
hance for both bleeding and air embolus on the left side. If
more expanded lesion set is found to be necessary, this
ould limit the utility of bipolar RF and may require the
evelopment of other parallel technology.
We thank Dr Samuel A. Wickline for his assistance in the
nterpretation of the MRI studies.
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